Abstract Two types of graphene, namely few-layer flake and multilayer sheet, were produced by chemical vapor deposition on nickel catalyst at high temperature (1050°C) using different reaction times and cooling rates and their properties characterized and compared. The number of layers, morphology, structure, graphitization, composition, and surface area were studied using scanning electron microscopy, transmission electron microscopy, electron-dispersive X-ray analysis, Raman spectroscopy, and Brunauer-Emmett-Teller (BET) surface area measurements, respectively. Further properties of these nanomaterials, including their thermal stability, electrochemical properties, and cytotoxicity, were also comprehensively investigated.
Introduction
Graphene is a two-dimensional (2D) material comprising an sp 2 carbon atom network, having great potential for application in many fields of science and engineering because of its excellent properties [1, 2] . Graphene with 2-10 layers (i.e., few layer and multilayer) is an ideal candidate for use in various applications, including polymer composites, electrochemical and biomedical materials, etc. [3] [4] [5] . Analysis of small flakes consisting of a few layers by transmission electron microscopy indicated that [70 % of the flakes had \5 layers while roughly 10 % were monolayer. Meanwhile, it was estimated that multilayer graphene sheet was formed of 4-10 layers [6] . Many techniques have been used to synthesize highquality graphene in large quantities, including chemical vapor deposition (CVD), chemical exfoliation, epitaxial growth, etc. [7, 8] . Dato et al. [9] developed a gasphase method to synthesize graphene in large quantities without a substrate, but the size of graphene grown by this method was too small. Recently, CVD was successfully applied to produce graphene with different sizes and numbers of layers on polycrystalline nickel films on large scale [10] [11] [12] [13] [14] .
On the other hand, different types of graphene have attracted considerable interest because of their significant electrochemical, thermal, and biological properties [2, 15, 16] , being widely applied in electrochemical sensors [17] , supercapacitors [18] , transparent conducting thin films [18] , solar energy fuel cells [19] , biochemical analysis and detection [20] , and electromagnetic interference shielding and microwave absorption [21] .
In addition, the thermal stability of graphene is a key factor for its application in high-temperature environments, although this critical issue remains poorly understood and is sparsely described in literature. Some researchers have investigated the thermal conductivity and thermal stability of graphene [22] [23] [24] [25] . It has been illustrated that a thermal annealing process must be used to establish good electrical contact between graphene and metal electrodes for use in electronic devices [26, 27] . Besides, thermal annealing of graphene is applied to eliminate the supporting polymer layer used during transfer of CVD-synthesized graphene [28, 29] . Against this background, determining the thermal stability of produced graphene is an important topic in literature.
Compared with metallic electrodes, carbon nanomaterials have various distinguishing features related to their structure and electrochemistry, particularly for electroanalysis. A number of studies have been carried out to understand the relationships among the structure, electronic properties, and electrochemical behavior of carbon electrodes [30] [31] [32] . The electrochemical properties of graphene in contact with aqueous solution of a ferrocene derivative were reported [32] . It was found that, in comparison with graphite, graphene showed a higher electron transfer rate for oxidation of the ferrocene derivative on it. Because of the unusual electronic properties of graphene, it is a strong contender for use in future electronic applications.
The toxicity of graphene must be investigated if it is to be used as a safe nanomaterial in biomedical applications. Therefore, many studies have focused on the cytotoxicity and biocompatibility of graphene; For example, Akhavan and Ghaderi [33] described the interaction of graphene with bacterial cells and also analyzed the cytotoxicity of graphene against neural pheochromocytoma-derived PC12 cells via generation of reactive oxygen species [34] . Another study states that graphene uptake in testis could also increase generation of reactive oxygen species in semen of mice. The resulting semen containing damaged spermatozoa might disturb hormone secretion and pregnant functionality of female mice as well as the viability of the next generation [35] . In addition, the cytotoxicity effects related to the size, structure, and concentration of graphene oxide and CVD graphene on human cells have been studied [33] . Considering these findings, compared with graphene oxide, CVD graphene has greater cytotoxicity effect on living cells [36] . Moreover, graphene with smaller size and higher concentration (above 100 lg/mL) could exhibit significant cytotoxicity effects in comparison with graphene oxide, for which significant in vivo effects were found at injected doses C200 lg/mL [37] . Three distinct mechanisms for the cytotoxicity effects of graphene samples are as follows: interaction of graphene edges with cells leading to damage to the cell wall membrane [33, 38] , generation of reactive oxygen species (ROS) [39] , and wrapping of cells by graphene [40] .
In this work, the thermal stability, voltammetric response, and cytotoxicity effect of the synthesized few-layer graphene flake and multilayer graphene sheet were analyzed and compared. Synthesis of graphene flake and sheet using the CVD method was investigated. In addition, the effects of the number of layers and width of the graphene on the thermal stability, electrochemical properties, and cytotoxicity effects were also examined. SEM, TEM, EDX, Raman spectroscopy, and BET surface area measurements were applied to investigate the morphology, structure, composition, graphitization, and surface area of the products, respectively. To date, and to the best of the authors' knowledge, synthesis of graphene flake and sheet using Ni particles via chemical vapor deposition combined with comparison of their properties has not been widely explored in literature, motivating us to carry out this interesting and fundamental study.
Experimental Synthesis of graphene flake and sheet
Firstly, nickel nitrate hexahydrate powder [Ni(NO 3 ) 2 Á6H 2 O; Sigma-Aldrich] as Ni precursor was placed into a quartz crucible located in a CVD reactor and dried in the reactor at 150°C to remove water for 1 h, then the temperature was increased to 400°C for 1 h to remove the nitrate, leaving Ni particles as catalyst. To synthesize graphene sheet and flake, the CVD reaction time and cooling rate must be altered [41] . Initially, the reaction temperature was set at 1050°C to produce high-quality graphene sheet and flake by decomposition of acetylene at flow rate of 50 sccm on Ni particles at 100/100 sccm H 2 /N 2 flow rates for 30 and 50 min, respectively. Then, the system was cooled down at 20 and 5°C/min, respectively. To remove the catalyst from the produced graphene, the samples were poured into a mixture of FeCl 3 (1 M)/HCl (1 M), followed by filtering and rising using distilled water several times then drying [42] .
Characterization of grown graphene materials
The produced graphene materials were characterized based on their morphology, structure, composition, graphitization, and surface area using various techniques such as scanning electron microscopy (SEM), X-ray energy-dispersive spectrometry (EDX), transmission electron microscopy (TEM), Raman spectroscopy, and BET surface area measurements. Further properties of the resulting graphene flake and sheet, including the thermal stability, electrochemical properties, and cytotoxicity effects, were also investigated. To analyze the thermal resistance of the grown graphene flake and sheet, thermogravimetric analysis (TGA) was carried out [43] using a Mettler STARe SW 9.10 analyzer. First, 0.6 mg of sample was placed in the system and heated to about 200°C for 5 min to remove moisture. The heating program was then increased to 900°C at rate of 10°C/min in presence of N 2 flow. Electrochemical measurements were carried out using a PGSTAT204 system, and cyclic voltammetry was carried out in buffer solution (pH 7) at scan rate of 100 mV s -1 to determine the electrochemical behavior of screen-printed electrodes (SPEs) modified with graphene flake and sheet. Homogeneous suspension of 1 mg graphene powder in 2 mL deionized water was prepared and sonicated for 5 min. Subsequently, modified electrodes were prepared by drop-casting 10 lL suspension onto the SPE as working electrode then drying at room temperature. The currentvoltage (CV) curves of the nanomaterials were analyzed at room temperature in ambient condition in the potential range from -1.5 to 1.5 V. To assess the cytotoxicity of the graphene materials and cell viability, 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) dye reduction was applied.
The cytotoxicity effects of the graphene sheet and flake were analyzed by MTT assay based on the half-maximal inhibition concentration (IC 50 ) value. Firstly, 100 lL 4T1 cells at concentration of 0.8 9 10 5 cells/well were placed into a 96-well plate and maintained in Roswell Park Memorial Institute (RPMI) medium for 24 h. The next day, nanosheet and nanoflake samples were added to the wells, followed by incubation for 72 h. MTT solution (20 lL, 5 mg/mL; Calbiochem) was added to each well, followed by incubation for 3 h. Later, the solutions were removed from the wells and 100 lL dimethylsulfoxide (DMSO) was added to solubilize the formazan crystals. Finally, the plate was read at wavelength of 570 nm using an enzyme-linked immunosorbent assay (ELISA) plate reader (BioTek Instruments, USA).
Results and discussion
SEM images of graphene flake and sheet after purification are shown in Fig. 1a, b . Graphene flake and sheet were grown at 1050°C for 30 and 60 min using cooling rate of 20 and 5°C/min, respectively. Based on these results, increased reaction time and lower cooling rate at the same growth temperature and flow rate of gases increased the possibility of growth of graphene sheet. By increasing the reaction time and decreasing the cooling rate, the width and thickness of the graphene flake increased, causing the graphene flake to become sheet [44] .
EDX was applied to determine the composition of each nanostructure; the results for each type of graphene are shown in Fig. 1 . It is obvious that no Ni peak was observed after etching, indicating that the purified graphene materials were free of Ni particles. Moreover, no contaminants were found in these materials at sufficient levels to affect cytotoxicity studies using human cells.
It is well known that the properties of graphene, including graphene flake and sheet, depend strongly on the thickness, width, and number of layers [2] . Thus, to determine the number of graphene layers and the degree of graphitization of the produced graphene materials, TEM measurements and Raman spectroscopy were applied (Fig. 2) . According to TEM images (Fig. 2a, b) , the graphene flake and sheet were crumpled with some wrinkles, which are related to the removal of nickel particles [45] . In addition, the graphene flake had smaller size and thickness compared with the graphene sheet. Therefore, the number of layers in the graphene flake was smaller than in the graphene sheet.
Raman spectroscopy is a powerful, nondestructive technique for evaluation of the detailed structure and graphitization of carbon nanomaterials. It has been found that the number of graphene layers as well as defect structures can be identified using Raman maps [46] . Figure 2a and b present the Raman spectra of the fabricated graphene flake and sheet, respectively. Similar to the Raman maps of graphene materials fabricated by CVD [44] , the significant Raman signals from graphene are the G peak at about 1580 cm -1 and the 2D peak at 2660 cm -1 [48] . Besides, the presence of the D peak at 1350 cm -1 corresponds to the defective structure of graphene broken edges. Moreover, to determine the number of graphene layers and their quality, the intensity ratio of the 2D peak to G peak (I 2D /I G ) was calculated [29] . The I 2D /I G ratio indicates the degree of graphitization. Higher I D /I G indicates lower graphitization, while higher I 2D /I G indicates higher quality. The graphitization of the graphene flake was about I D /I G = 0.5 and I 2D /I G was equal to 0.84, while these values were 0.68 and 0.56, respectively, for the graphene sheet. Therefore, by increasing the reaction time from 30 to 60 min, the graphene flake transformed to graphene sheet with lower graphitization and quality. BET measurements were obtained as nitrogen adsorption-desorption isotherms (Table 1) . For the samples dried at 200°C, the typical isotherm characteristics with adsorption and desorption hysteresis indicate that many pores were present in the graphene samples. The BET surface area of the graphene flake was 23.1 m 2 /g, much higher than the value of 16.9 m 2 /g for the graphene sheet, indicating layering or overlapping of the graphene sheet. These results also indicate the pore volume and size of the graphene sheet and flake, being much lower for the graphene flake than for the graphene sheet. Therefore, on increasing the size and width of the graphene plate, the pore volume and size also increased, leading to the lower BET surface area.
Thermal stability
The TGA curves in Fig. 3 show the degradation process of the graphene flake and sheet as weight loss (wt%) versus temperature (°C). According to these results, on decreasing the number of graphene layers, the thermal resistance was increased, due to the greater heat absorption capacity of few-layer compared with multilayer graphene. The graphene sheet decomposed between 600 and 680°C; when increasing the temperature to 710°C, no residual char remained. For the graphene flake, weight loss started at 650°C, with complete degradation by about 700°C. According to these TGA results, the graphene flake had greater thermal resistance than the graphene sheet. In summary, it can be concluded that the features of graphene, including the number of layers, thickness, and width, affected the thermal resistance.
Electrochemical properties
The CV curves for the bare SPE and SPEs modified by graphene sheet and flake are presented in Fig. 4 . The voltammograms with the graphene sheet and flake showed rectangular shape with redox peaks, indicating a contribution from electrochemical double-layer capacitor (EDLC) behavior and a pseudocapacitance effect [49] . The higher area of the loop for the graphene sheet in comparison with the graphene flake is closely related to the higher storage capacitance of the graphene sheet electrode, and may possibly be due to the fact that the graphene sheet has more layers compared with the graphene flake. The redox peaks for the graphene sheet and flake show that graphene can accelerate the electrochemical reaction and provide an excellent path for charge transfer. The graphene increased the efficacy of the electrode by providing a larger surface area and reducing the resistance to current flow.
Cytotoxicity effect on human cells
The effect on cell viability of graphene sheet and flake was tested by MTT assay. The cell viability (%) relative to control wells containing only cell culture medium without nanoparticles was calculated using the equation
In this work, the cytotoxicity effect of graphene sheet and flake was evaluated using 4T1 breast cancer cells. Based on the results shown in Fig. 5 , the graphene sheet was less toxic compared with the graphene flake. In this regard, damage to cell wall through direct interaction of graphene edge with cells can be considered as one mechanism. Besides, wrapping of the cells by aggregated graphene plates in suspension can be assumed to be another mechanism.
The graphene sheet inhibited/killed about 27 % of cells at concentration of 100 (unit), whereas the graphene flake compound, at similar concentration, killed a higher percentage (37 %) of cells. At concentration of 3.125 (unit), the graphene sheet did not exhibit any toxicity towards the cells, with 100 % viability. However, this was not the case for the graphene flake, as it still managed to kill 20 % of cells.
Based on these results, the number and size of graphene layers affect the cytotoxicity. Therefore, graphene flake formed of a few layers with width of 10 lm 
Conclusions
Two forms of graphene, namely flake and sheet, were synthesized on Ni particles as catalyst by CVD at temperature of 1050°C using different reaction times and cooling rates. The results confirmed not only the crystalline nature and purity of the graphene sheet and flake, but also the smaller size and much greater surface area of the graphene flake compared with the graphene sheet. The thermal stability, electrochemical properties, and cytotoxicity to human cells were also comprehensively studied and compared. The effects of the morphology, thickness, and number of layers of graphene in the flake and sheet materials on their properties were investigated in detail. The results showed that the graphene flake had higher thermal stability, electrochemical properties, and cytotoxicity effects on human cells at 100 (unit) concentration compared with the graphene sheet. Generally speaking, the graphene flake with higher thermal stability and electrochemical activity is not a suitable option for use in biomedical applications in comparison with the graphene sheet. 
